The spatial genetic structure of the European ground squirrel, a species characteristic of the short-grass steppe, was investigated on the basis of a 1140-bp cyt b gene sequence. The phylogeographical architecture of this species is expected to shed light on the putative long-term presence of the steppic ecosystem in south-eastern Europe and the evolutionary consequences of glacial cycles as forcing factors in speciation. Among 31 haplotypes, three highly divergent phylogenetic lineages (Southern, Northern and Jakupica) were recognized. This result suggests the past existence of an allopatric fragmentation event caused by effective biogeographical barriers. The Southern lineage consisted of the southernmost populations, those from Greece, Macedonia and European Turkey, and showed the highest divergence from all other samples. Haplotypes of the Northern lineage showed little geographical structure, with dispersal on both sides of the Danube River and in both of the two main geographical fragments of the species. The Jakupica lineage is a geographical isolate on a high plateau in central Macedonia. The estimated time for divergence of the Southern lineage (ca. 0.58 Mya) suggests the long-term persistence of a short-grass steppic refugium in the southern Balkans. Although the divergence between the Northern and Jakupica lineages occurred more recently (ca. 0.3 Mya), it still putatively predates two glacial cycles. The three phylogeographical lineages of the European ground squirrel should be regarded as independent units for conservation management purposes.
Introduction
In Europe, most of the last 2 million years have consisted of glaciations, punctuated by warmer but relatively short interglacial episodes. The biogeographical dynamics of repeated range contractions and expansions have left footprints in the genomes of species and populations (Hewitt, 2000) . The evolutionary consequences of glacial cycles as forcing factors in speciation, as well as the timing of the origin of modern species, both continue to be topics of discussion and disagreement. Although some studies suggest that the entire Pleistocene, including the last two glacial cycles, was important for speciation (Johnson and Cicero, 2004; Lister, 2004) , others claim that speciation and extinction rates remained constant and that speciation events extended over the past 5 Myr (Zink et al., 2004) . In either case, many taxa began to diverge during glacial-interglacial cycles, when they were trapped in relatively small refugial areas, but complete speciation had not yet occurred (Hewitt, 2000) . Most phylogeographical studies have shown that Southern Europe maintained major glacial refugia throughout the entire last 2 million years, although some species may also have survived in refugia to the north and east (for example, Bilton et al., 1998; Kotlík et al., 2006) . At the end of the Last Glacial Maximum, some refugial populations with divergent genomes remained restricted to their former glacial refugia, whereas others expanded (for example, Hewitt, 2000) . Phylogeographical studies are available for a considerable number of temperate woodland species that persisted within southern refugia (Hewitt, 2000) . In contrast, much less is known about the glacial histories of steppic species that thrived during glacial periods in areas north of the southern refugia, where the environment was adverse for the majority of temperate species (Neumann et al., 2005) .
Natural grasslands (steppes) are a common biome in areas with climates that are too dry or cold to develop climax woodland. Although this ecosystem is widespread in the Palearctic, it is sparse in Europe, anywhere west of Russia. Thus, a limited number of model species are available when studying the impact of glacialinterglacial cycles on steppic taxa at the western border of their current distribution. Moreover, the majority of these model species are restricted to the lowlands of the Carpathian basin and the topographically diverse Balkan Peninsula. Given the complexity of the region, the existence of refugia for steppic mammals within the Balkans appears a likely, yet largely untested, scenario. Chromosomal divergence within the lesser mole rat, Spalax leucodon (Savi and Soldatovi, 1984) , supports this theory, but modern phylogeographical studies have only minimally tested this hypothesis.
Here, we focus on the European ground squirrel (Spermophilus citellus). Although this rodent can tolerate a wide range of abiotic conditions, it is strictly tied to short-grass steppe environments. This medium-sized hibernator is widespread, ranging from the semi-arid Mediterranean and Black Sea coasts up to alpine pastures at 42000 m altitude (Ružić, 1978) . The European ground squirrel is the westernmost representative of ground squirrels and has seemingly been confined to its current range since its earliest appearances in fossil records (Kowalski, 2001) . The current range for S. citellus is in two main fragments, separated by the Carpathian Mountains, with additional small isolates along its southern and eastern margin. At a smaller scale, this range is further fragmented along an altitudinal gradient, and high mountain populations are frequently isolated (Ružić, 1978) . In the Balkan Peninsula, which forms a significant portion of the species' range, nonmetric cranial variation has revealed significant interpopulation divergence in southern fragments, suggesting their isolation over a substantial time period (Kryštufek, 1990) .
The European ground squirrel seems to be a suitable model species for testing the hypothesis on the existence of refugia for steppic taxa within the Balkans because of its fragmented range, significant intraspecific variation, high habitat specificity (Ružić, 1978) and the evidence of deep divergence among haplotypes from the eastern portion of its range (Gü ndü z et al., 2007) . In establishing the first cytochrome b (cyt b) phylogeographical study of a steppic mammal in the Balkans, we wanted to answer three questions. First, did S. citellus survive glacial-interglacial cycles in several glacial refugia? Second, which parts of the highly geomorphologically diverse landscape of southeast Europe acted as the principal Pleistocene refugia for this specific steppic taxon? Finally, do the DNA footprints of a steppic species suggest the long-term persistence of a shortgrass steppe in the Balkans? This final question addresses the existence of stable glacial refugia in this region. Considering the limitations of reconstructing past environments on the basis of pollen analysis (Rackham, 1998) , the phylogeographical architecture of a characteristic steppic species has the potential to provide an alternative test of the environmental history of a region.
Materials and methods

Sampling
This study consisted of 26 S. citellus specimens from 11 locations ranging from the Czech Republic to European Turkey and beyond. Eleven cyt b sequences were downloaded from GenBank (Table 1, Figure 1 ).
DNA extraction, PCR amplification and sequencing A 2 Â 2 mm sample was cut from tissue preserved in ethanol and air-dried in sterile conditions. DNA was 
Sequence analyses
The program CodonCode Aligner 1.63. (Ewing et al., 1998) was used to align forward and reverse sequences. The resulting consensus sequences for each individual were aligned using ClustalW 4.0 (Thompson et al., 1997) , implemented in the MEGA package 4.0 (Tamura et al., 2007) . This implementation was accomplished in combination with Bioedit 7.09 (Hall, 2004) . Nucleotide and amino acid compositions were analyzed using the MEGA program. The total number of base frequencies at each position was estimated using the DAMBE 4.2.13 program (Xia and Xie, 2001 ).
Phylogenetic methods
The Akaike information criterion, hierarchical likelihood ratio test and Bayesian information criterion (implemented in the Modeltest 3.7. program, Posada and Crandall, 1998) were used to identify the most appropriate model of DNA substitution for the data. This model was subsequently used to calculate pairwise genetic distances among haplotypes. The phylogenetic relationships among haplotypes were reconstructed using two different optimality criteria: minimum evolution (neighbor joining of best model distances, NJ) and Bayesian inference of phylogeny (BI). An NJ tree implemented in PAUP 4.0b10 (Swofford, 2002) was constructed on the basis of the GTR þ G þ I substitution model (see below) using the estimated parameters. Branch reliability was estimated by a nonparametric bootstrap resampling with 10 000 replicates. For NJ trees, a bootstrap of 70% is often cited as the cutoff for a 'reliable' branch (Hillis and Bull, 1993) , and that value was used here. S. taurensis, which is thought to be the closest relative to S. citellus (Gü ndü z et al., 2007), was used as the outgroup (accession no. AM691690). The Bayesian analysis was carried out with the MrBayes 3.0 program (Huelsenbeck and Ronquist, 2001) . Four Monte Carlo Markov chains were run simultaneously for 2 Â 10 6 generations, with the resulting trees sampled every 100 generations. The likelihood scores reached stability after approximately 2 Â 10 5 generations. As the first 10% of trees were discarded as 'burn-in,' only the last 180 000 trees were used to compute the 50%, majority rule consensus tree. Bayesian posterior probabilities (BPP) were used to assess branch support of the BI tree; we considered a BPP 40.90 as the cutoff for 'moderate' support (Buzan et al., 2008) .
DNA net and mean divergences (Da and Dxy) were estimated under the K2P model and the substitution models, as determined in Modeltest using MEGA 4.0 (Tamura et al., 2007) . Standard errors were estimated from 10 000 bootstrap replicates.
A minimum spanning network was constructed using both the MINSPNET algorithm that is available in the ARLEQUIN 3.1 program (Schneider et al., 2000) and the TCS 1.21 algorithm (Clement et al., 2000) .
Geographical distribution of genetic variation
To assess whether genetic diversity differed between main lineages, nucleotide and haplotype diversities were calculated for each lineage. Nucleotide and haplotype diversities (p) within phylogenetic lineages were estimated using DnaSP 4.10.9 (Rozas et al., 2003) .
Molecular clock estimates
Divergence time between groups was estimated as T ¼ Da/2 m, where 2 m is the divergence rate. Ninety-five percent confidence intervals for the divergence times were calculated as ±1.96 s.e. of the net distances. In the estimation of molecular clocks, we followed Gü ndü z et al., 2007, who estimated divergence times in S. xanthoprymnus from cyt b data. Their divergence rate (approximately 2% net distance per Myr) estimate was based on the molecular data developed for Spermophilus by Harrison et al., 2003 . This substitution rate is probably dependent on the calibration point (see Ho et al., 2005 Ho et al., , 2007 , and more data are needed before any sort of time dependence of estimated rates can be formulated and evaluated over the expected divergence times (Bandelt, 2008) .
Results
Sequence data
The 42 S. citellus samples yielded 31 different cyt b haplotypes. Of the 1140 bp sequenced, 69 polymorphic sites were found. These 69 polymorphic sites included a total of 70 mutations, 43 of which were parsimony informative. No stop-codon insertions or deletions were observed in the alignment. As expected under neutral evolution (Martin and Palumbi, 1993) , the majority of polymorphic sites were at third positions (49 variable sites, 71.0% of all variable sites), followed by first positions (15 variable sites, 21.7% of all variable sites) and second positions (5 variable sites, 7.3% of all variable sites).
Under all three approaches for the selection of the best substitution model in the Modeltest 3.7 program, the General Time Reversible model (GTR þ G þ I) was chosen as the most appropriate for the data set. The model included unequal base frequencies (A ¼ 0.291, C ¼ 0.255, G ¼ 0.121 and T ¼ 0.333), a proportion of invariable sites of 0.648 and a substitution rate among sites following a gamma distribution (a ¼ 0.869).
Phylogenetic analyses
As the phylogenetic methods (NJ and BI) gave identical arrangements of the main branches, the relationship between haplotypes is presented only for the BI analysis (Figure 2) . Two major groups emerged with a mean sequence divergence of 1.97% ± 0.33 and a net divergence of 1.16% ± 0.28. These groups were well supported (BPP ¼ 0.96) and showed a strong geographical association. The first major phylogeographical lineage (the Southern lineage) consisted of samples from the very southern margin of the European ground squirrel's range in the lowlands of Turkish Thrace, Greece and Macedonia. A single haplotype from the Danube delta (Romania, as described by Gü ndü z et al., 2007) also belonged to this lineage. These data suggested a limited sympatry between the Southern and Northern phylogeographical groups along the eastern coast of the Black Sea. The second major phylogeographical group contained the remaining samples and was further divided into two sublineages. The Jakupica lineage is an isolate on a high plateau of Mt Jakupica in Macedonia. The Northern lineage consisted of all the remaining haplotypes (Figure 2) . Support for these two lineages was strong (BPP ¼ 0.97 for BI and BP ¼ 89% for NJ), and the mean sequence divergence between them was 0.98%±0.23 (net divergence 0.06%±0.02). There is moderate support (BPP ¼ 0.94 for BI and BP ¼ 86% for NJ) for a further phylogeographical subdivision of the Northern lineage. Three haplotypes (N10, N11 and N12) are allopatric to the easternmost portion of the species' range in Romania and Moldova, whereas the remaining nine haplotypes of the Northern lineage are widely dispersed in both main segments of the species' range and on both sides of the Danube River ( Figure 1) .
As the Northern, Southern and Jakupica lineages could not be connected under the 95% confidence limits in TCS (they are separated by X13 substitutions), separate networks were calculated, which resulted in the same topology as estimated in ARLEQUIN.
Minimum spanning networks (Figure 3) showed similar results to BI and NJ trees. The Northern and the Southern lineages, as evidenced in our phylogenetic analysis, were similarly retrieved and separated by 21 mutational steps. In addition, the subdivision between the Northern and the Jakupica lineages (13 mutational steps) was also reflected in the minimum spanning tree. Within the Northern lineage, the three haplotypes (N10-N12) from Moldova and eastern Romania were the most divergent, separated by seven mutational steps. Relatively high numbers of mutational steps joined the haplotypes in the Southern lineage. Conversely, low divergence was seen among the five haplotypes from the Jakupica lineage. These haplotypes were separated from one another by only single steps.
Nucleotide Figure 2 Fifty percent majority rule consensus tree of 180 000 trees from a Bayesian analysis of the 1140-bp cyt b gene of S. citellus, rooted with S. taurensis. The branching pattern and branch lengths follow the Bayesian analysis, whereas numbers on the branches correspond to posterior probability values in the Bayesian inference (BI) (40.90) and bootstrap support in the neighbor joining (NJ) (470%) analyses, respectively. For abbreviations see Table 1 .
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Discussion
Phylogeography and refugia On the basis of our mitochondrial phylogenetic analysis, S. citellus populations are divided into two main cyt b groups. The first main group (the Southern lineage) includes samples from the southern margin of the species range and one haplotype from the Danube delta in Romania. The second main group consists of two sublineages, one restricted to Mt Jakupica in central Macedonia (Jakupica lineage) and the other comprising all the remaining samples (Northern lineage). Deep genealogical divergence among the three lineages and very limited geographical overlap of their haplotype distribution indicate that they originated from an allopatric fragmentation event (Avise, 2000) . This event presumes effective biogeographical barriers. Despite the clear phylogeographical structuring, this interpretation requires some caution because of limited sampling and reliance on a single locus. The results from a single gene represent only a small fraction of genetic history and provide an incomplete picture of historical processes occurring in a species (Avise 2000) . Further studies of nuclear markers are thus expected to provide independent tests of the phylogeographical structure that was constructed on the basis of the cyt b gene. In addition, divergence times may be overestimated because the substitution rates that were used are probably lower than the true rates (Ho et al., 2005 (Ho et al., , 2007 . However, Ho et al.,'s concern regarding overestimated divergence times was recently criticized (Emerson, 2007) ; therefore, it is evident that further work is necessary to precisely estimate the substitution rates of cyt b sequences. We propose the possible evolutionary scenario of the European ground squirrel based on divergence times estimated using the conservative 2% substitution rate per Myr.
Considering the estimated divergence time between the two main groups (ca. 0.5 Mya), the fragmentation of the putative panmictic ancestral population occurred during the Mindel interstadial. The divergence between the Northern and the Jakupica lineages is more recent (ca. 0.3 Mya), although it still predates two main glacial cycles (Riss and Wü rm), and tentatively coincides with the Mindel/Riss interglacial period (Hewitt, 2000) . The most plausible scenario for the evolutionary history of S. citellus since the Middle Pleistocene is thus an early vicariance of the ancestral population into two major phylogeographical lineages that remained effectively isolated afterwards. Current biogeographical barriers, the Danube River and the Carpathians, effectively fragment the recent main range of S. citellus, but were evidently not operational in the past. In the absence of an apparent biogeographical barrier between the recent ranges of the Northern and the Southern lineages, patchiness of forest and steppe habitats was likely to be the only factor isolating the two phylogroups. Table 1 . Small dots represent hypothetical haplotypes not found in the sample.
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Glaciations in the Mediterranean took the form of dry rather than cold periods. The landscape was typically dominated by grasses interspersed with scattered trees, resembling savannas or forest steppes, although presently, there seems to be no precisely similar environment in the world (Rackham, 1998) . The pollen record from northern Greece suggests contrasting bioclimatic areas throughout the last glacial period, with certain habitats remaining immune to the extreme effects of Quaternary climate variability, preserving temperate tree populations, and other sites experiencing the pronounced aridity that favored grasses and sagebrush Artemisia (Tzedakis et al., 2002) . In a manner similar to the present times, historical European ground squirrels most likely thrived in metapopulations. Metapopulation structure and dynamics were likely determined by the mosaic of forest/steppe habitat, changing in response to glacial-interglacial oscillations. Ground squirrels expanded their range as increased aridity favored grasslands; range was then reduced and fragmented in wet periods when forests expanded. Similar to recent isolates, which experienced repeated bottlenecks and are affected by inbreeding (Hulová and Sedláček, 2008) , poor local survival combined with a cessation of immigration caused isolated populations to crash . Given that S. citellus depends entirely on short-grass habitats (Ružić, 1978) , grazing pressure may have also been an important factor in determining its former range throughout the glacial-interglacial cycles. However, the actual impact of grazing is unknown (Rackham, 1998) . Nevertheless, the species richness of the mega-herbivorous community in the Quaternary strongly exceeded modern-day diversity throughout Europe (Guérin and Patou-Mathis 1996) . This high richness suggests a higher grazing impact on grasslands.
The Northern and Southern lineages consist of deeply divergent haplotypes, the distributions of which showed only limited geographical structure. Within each major phylogeographical lineage, ground squirrel populations were presumably repeatedly fragmented when the short-grass steppe was diminished during the expanse of tall-grass steppe, shrubs and/or forests. Populations most likely survived in isolated habitats and differentiated through genetic drift or divergent selection. Such 'micro-allopatry' was presumably repeated during each interglacial phase and then dispersed during excessively dry glacial periods, with secondary admixture of the allopatrically evolved populations. The Jakupica lineage is clearly a marginal isolate entrapped on a high-mountain steppe island following forest expansion, most likely during the Mindel/Riss interglacial period.
The time divergences estimated between the S. citellus lineages (ca. 0.5 Mya between the Northern and Southern lineages and ca. 0.3 Mya between the Northern and Jakupica lineages) are remarkably similar to estimates of time divergence among the five phylogroups of the Anatolian S. xanthoprymnus (0.30À0.75 Mya; Gü ndü z et al., 2007) . Given that forests covered significant portions of Asia Minor throughout the Upper Pleistocene into the early Holocene (Kosswig, 1955) , the large-scale, forest-steppe patch dynamics during the glacial-interglacial cycles were possibly synchronous in the Balkans and Anatolia.
Phylogenetic relations between S. citellus and S. taurensis Our results confirmed the monophyly of S. citellus against the newly recognized S. taurensis, a small-range species restricted to the Taurus Mountains in Anatolia (Gü ndü z et al., 2007) . Evolutionary divergence between these two sister species was likely triggered by the submergence of the temporary Balkan-Anatolian land bridge (Kerey et al., 2004) ca. 2.5 Mya, predating the Quaternary glacial-interglacial cycles (Gü ndü z et al., 2007) . Given that the oldest divergence in S. citellus is estimated at ca. 0.5 Mya, approximately 2 million years of evolutionary history of the European ground squirrel or its ancestors remain unknown. As the taxonomy of the Quaternary ground squirrels is unstable and rather elusive (Kowalski, 2001) , paleontology is currently unable to illuminate this long evolutionary gap.
Conservation implications
Approximately half a century ago, S. citellus was considered a major agricultural pest. Subsequent transformation in farming practices, however, degraded short-grass habitats and fragmented ground squirrel populations to the extent that S. citellus is currently classified as 'vulnerable' in the IUCN Red List of Threatened Animals (Hulová and Sedláček, 2008) . Our results indicate that the European ground squirrel is composed of three historically isolated, independently evolving sets of populations. The conservation of such evolutionarily significant units is regarded as an important goal in preserving within-species diversity (Moritz, 1994) . Therefore, the three phylogeographical lineages of the European ground squirrel should be regarded as independent units for conservation management purposes. In particular, the two southern evolutionarily significant units (the Jakupica and Southern lineages) require imminent conservation attention. The Jakupica lineage has an extremely small and poorly documented range of occupancy (possibly o100 km 2 ; author's unpublished data). The range of the Southern lineage, particularly its western segment, is highly fragmented, and the species' decline in Greece and Macedonia over the last few decades has been catastrophic (personal observation).
As surviving populations of the European ground squirrel are typically small, isolated or both, translocations and reintroductions were recently initiated in Central Europe as a common conservation practice (Hulová and Sedláček, 2008) . Thus far, these measures have been restricted to populations of the Northern lineage, which we presume did not alter the phylogeographical structure of the species. Great caution is required for planning reintroductions along the southern border of the European ground squirrel's range, particularly in Bulgaria, where the ranges of the two main phylogeographical groups (Southern and Northern) are only tentatively known. This lack of knowledge increases the need for a detailed population genetic study in the area of overlap of mtDNA lineages in Bulgaria and Romania. Estimation of the degree of gene flow between the two lineages, or their possible microallopatric separation, is an area for future research.
